A continuous adsorption study in a fixed-bed column was carried out using granulated slag (GS) as an adsorbent for the removal of methylene blue (MB) from aqueous solution. The effects of various parameters, such as initial dye concentration, flow rate, bed depth, and pH were investigated.
MATERIALS AND METHODS
The GS is a byproduct from the manufacture of Arcelor-Mittal (Algeria) with a rate of 97% vitrification, but low water content (Ader ) . The material was dried for 24 h in an oven at 105-110 W C. The chemical composition of GS was determined in the Arcelor-Mittal laboratory using Fluorescence X (TW16006 PHILIPS). X-ray spectra showed that the used slag has an amorphous structure The basic dye, methylene blue, is the most commonly used material for dying cotton, wood, and silk. It was chosen in this study because of its strong adsorption onto solids. The chemical structures with general data of the dye are represented in Table 1 . Serial dilutions of the stock solution were made to obtain specific concentrations required for the adsorption study.
Kinetic models
In order to predict the breakthrough curves of the adsorption process in the fixed bed, and estimate the parameters necessary for the design of a large-scale fixed-bed adsorber, the Bohart-Adams, BDST, and Thomas models have been used.
The Bohart-Adams model (Bohart & Adams ) This is based on the surface reaction theory, to describe the relationship between C t /C 0 and t in a continuous system, and is applied to describe the initial part of the breakthrough 
The BDST model (Hutchins ) The BDST model is used to predict the bed capacity by utilizing the different breakthrough values. The modified version of the equation used in this evaluation is given in
This model is one of the most general and widely used models in the column performance theory. The linearized form of the model is given as (Han et al. ) :
Error analysis
A linear regressive method is used to compare the models using experimental data. 
is the calculated ratio of MB concentrations according to dynamic models, and C t = C 0 e is the experimental ratio of MB concentrations. N is the number of the experimental point.
Experimental setup
Fixed bed column studies were performed at room temperature using a glass column of 1.1 cm internal diameter and 25 cm in length. A known quantity of adsorbent was then placed in the column to submit the desired bed height (5, 10 and 15 cm), keeping the same particle size 
Analysis of column data
The operation of an adsorption column in dynamic mode can be determined by using the time to achieve the breakthrough and the shape of the breakthrough curve (Kanadasan et al. ) . A typical breakthrough curve ( Figure 1 ) is generally expressed by plotting C t (effluent concentration) and C t /C 0 (the normalized concentration, defined as the ratio of C t to C 0 as a function of time (min) or treated volume V (mL).
The concentration at breakthrough point C b , is chosen arbitrarily at a low value (in this study, when C t reaches 10% of its initial value). When C t approaches 90% of its initial concentration, the adsorbent is considered to be essentially exhausted (Faust & Aly ; Suksabye et al.
).
Breakthrough capacity q 50% (at 50% or C t /C 0 ¼ 0. 
RESULTS AND DISCUSSION

Characterization of the adsorbent
The results of the study of the chemical composition are shown in Table 2 .
From the results, the GS seems to be constituted essentially of four elements: CaO, SiO 2 , Al 2 O 3 , and MgO.
The effect of various parameters influencing adsorption was determined and the obtained results are presented in Table 3 .
From these results, we can deduce the effects as follows. 
Effect of initial concentration on the breakthrough curve
The effect of different initial MB concentrations (5, 10 and 15 mg.L -1 ) on the adsorption process was investigated. It can be deduced that a slower breakthrough curve will be obtained at a lower initial concentration. This may be explained by the fact that a lower concentration gradient 
Effect of flow rate on the breakthrough curve
In order to perform this investigation, the effect of different flow rates (1, 2 and 3 mL·min -1 ) was studied. From Table 3 it can be seen that the breakthrough time decreases as the flow rate increases. The faster breakthrough point at higher flow rates is due to reduced contact time between dye molecules and adsorbent (Sadaf & Bhatti ) . Therefore, the MB solution will leave the bed before the equilibrium can be reached, which will result in a decreasing amount of MB The adsorption capacity of the GS was found to be lower than that of many other adsorbents ( 
The pH values of influent and effluent during adsorption
The breakthrough curve with various influent pH (3, 5, 7.5, 9 and 12) is shown in Figure 2 . The appropriate pH was adjusted by adding 0.1 M NaOH or HCl.
As shown in Figure 2 , it may be noted that pH 3 and 12 did not promote the adsorption of MB onto GS. Our adsorbent consists essentially of silicates and aluminosilicates of calcium. As in Runzhang et al. () , the highly acidic and alkalic influents provoke the solubilization of these constituents and therefore the destruction of the structure of our GS, which results in a clogging of the column. On the other hand, it is obvious that pH 7.5 is the most appropriate for obtaining a higher breakthrough time and thus a higher adsorption capacity of MB. Figure 3 shows the effluent pH values after adsorption for different influents.
It can be observed that there is always an increase in effluent pH values during adsorption.
Breakthrough curve assessment
For the Bohart-Adams model, the characteristic parameters such as N o and K BA can be calculated from the linear plot of ln (C t /C 0 ) against t (Equation (1)) at different bed heights, For the BDST model, a plot of t versus Z (Equation (2)) is expected to yield a linear curve, in which N o ' and K a could be evaluated from the slope and y-axis intersection point, respectively. The results are listed in Table 5 and shown in Figure 5 .
From these results it can be deduced that at different Linear regression results, with correlation coefficients and SS values, are listed in Table 6 and presented in Figure 6 .
It can be observed that for a given experimental condition, the experimental and calculated values are similar. Also, most of the R 2 values were greater than 0.89 with smaller SS (less than 0.016), which validates the use of the 
Comparison of Bohart-Adams and Thomas models
According to the values of R 2 and SS listed in Tables 4 and 6 at the same experimental conditions, the values of R 2 from Bohart-Adams (0.64-0.98) were larger than those from the ). Comparing the SS values, we notice that the SS values of the Thomas model are higher than those of the Bohart-Adams only when C 0 ¼ 10 mg.L -1 , Z ¼ 10 cm, Q ¼ 2 mL.min -1 . These results showed that both models can be selected to predict the column process of MB onto GS.
Column regeneration
The column with a bed depth of 10 cm and flow rate of 2 mL.min -1 saturated with 10 mg.L -1 of MB was selected for a desorption study. Desorption was carried out, and deionized water was used as the desorbing agent. The concentration of MB was measured at different time intervals as shown in Figure 7 .
It was observed that the desorption cycle took 50 min, after which further desorption was negligible.
Reuse study of regenerated column
To check the adsorption efficiency of the regenerated GS column, it was reloaded with a dye solution of 10 mg.L -1 at a rate of 2 mL.min -1 .
The breakthrough curve obtained was compared with that of GS (10 cm depth; 10 mg.L -1 MB concentration, flow rate of 2 mL.min -1 ), and is shown in Figure 8 . 
CONCLUSIONS
In the present study, the GS packed bed was used to analyze the column dynamics in the adsorption process. The effect of bed height, initial MB concentration and flow rate on breakthrough curves has been investigated. A higher uptake of MB was observed at higher bed depth (Z ¼ 15 cm). Both breakthrough time and exhaustion time increased with increasing bed height, but decreased with increasing MB initial concentration. Besides, a faster breakthrough curve has been found at higher flow rates.
According to the obtained results, the granulated slag can be proposed as an adsorbent in the treatment of wastewater for the removal of dye from an aqueous solution. The dynamic behavior of the column was predicted by the Bohart-Adams, BDST, and Thomas models. All models were found suitable for describing the whole or a definite part of the dynamic behavior of the column. 
